We present observations of the CO 2-1 and 3-2 transitions toward the merging galaxies of NGC6090 with the Submillimeter Array (SMA)
Introduction
Galaxy-galaxy interactions and mergers may trigger starburst and nuclear activity, and produce luminous/ultra-luminous infrared galaxies. The study of the kinematics and the distribution of molecular and atomic gas at high angular resolution can help us to understand how the gas responds to merging and interacting processes. By studying different transitions of CO emission, one can determine the excitation conditions of the molecular gas. Similarly, measurements of millimeter/sub-millimeter continuum emission allow us to study the properties of dust. High-J CO transitions, such as CO 3-2 which traces the warm (∼30K) and dense (∼10 4 cm −3 ) molecular gas, pinpoint sites of on-going star formation better than the low-J transitions. With these objectives in mind, we mapped a gas rich merger NGC6090 with the partially completed SMA in the CO 3-2 and CO 2-1 transitions.
NGC6090 is a nearby IR-luminous galaxy-galaxy merger, at a distance of 122 Mpc (using H 0 = 75 km s −1 Mpc −1 , Dinshaw et al. 1999) , with L IR (8 − 1000µm) ≃3 × 10 11 L ⊙ (Dinshaw et al. 1999) , M H 2 ≃3.0×10
10 M ⊙ (Bryant & Scoville 1999) , and M HI ≃1.4×10 10 M ⊙ (van Driel et al. 2001) . It consists of two well separated nuclei seen at optical, near-IR, and radio wavelengths. The projected separation is 5 ′′ .4 (3.2 kpc) measured at radio wavelengths (Dinshaw et al.1999 ). There appears to be no evidence at the optical and radio wavelengths for an AGN, but there is clear evidence for starburst activity (Dinshaw et al.1999; Bryant & Scoville 1999) . CO 1-0 observations (Bryant & Scoville 1999) show that the dominant component of molecular gas peaks in the overlap region between the two galaxies, where the near-IR emission and radio continuum are weak (Dinshaw et al. 1999) . Single dish CO 2-1 and CO 3-2 observations with the CSO (Glenn & Hunter 2001) showed that the CO 2-1 and CO 3-2 are strong enough to be mapped with the SMA. In order to understand the physical properties of the molecular gas, we made high resolution images with the SMA in both the CO 2-1 and CO 3-2 transitions. In Section 2, we describe instrumental parameters of the observations; in Sections 3 and 4, we present the results and compare this merger with other interacting systems; and in Section 5, we present a brief summary.
Observations
Observations of NGC6090 were made using the partially completed SMA during 2003. The CO 2-1 (observing frequency 223.929 GHz) data were obtained on June 2, 2003, and August 4, 2003 , with 4 and 6 antennas in the Array, respectively. The CO 3-2 (observing frequency 335.883 GHz) data were obtained on June 25, 2003, with 4 antennas. The typical system temperatures (SSB) are 220K and 300K for CO 2-1 and CO 3-2 observations, respectively. The projected baselines ranged from 8m to 110 m. Two nearby quasars, 3C345 and 1637+574, were used to calibrate the visibility amplitude and phase. During every 30-minute period, we integrated on each of the calibrators for 5 minutes. The flux calibration was performed with respect to Uranus, and was accurate to approximately 20%. The variations of gain across the 1 GHz spectral bands were monitored by observing Jupiter and/or Mars. The CO lines centered at 8600 km s −1 (radio defined velocity) were placed in the lower sideband. Because of the large frequency shift, the strong CO lines in the Mars atmosphere did not affect our bandpass calibration. We used a spectral resolution of 0.8 MHz, and smoothed the data to 21.4 km s −1 for CO 2-1 when making the channel maps.
The rms levels are 0. • ), respectively. For a detailed description of the SMA, see Ho, Moran & Lo(2004) . The SMA data were calibrated with the MIR package developed at OVRO (Scoville et al. 1993 ). The calibrated visibilities were exported to MIRIAD for imaging. In order to compare the distribution of the integrated CO 3-2 and 2-1 emission, we convolved the CO 3-2 integrated intensity map to the same beam size as the CO 2-1 . Continuum images were constructed from the image sideband. Figure 1a shows the integrated intensity maps of the CO 3-2 and CO 2-1 lines overlaid on the 1.49 GHz radio continuum map (Condon et al. 1990 ). Both CO 3-2 and CO 2-1 emission peak at the overlap region between the two nuclei, similar to the CO 1-0 emission (Bryant & Scoville 1999) . The CO 2-1 emission appears to be as extended as is the CO 1-0 emission (Bryant & Scoville 1999) . However, the CO 3-2 emission is more concentrated toward the overlap region. The total CO 2-1 flux detected by the SMA is 624 Jy km s −1 , similar to the value of the single dish flux from CSO (13.1 K km s −1 , or 568 Jy km s −1 , Glenn & Hunter 2001). The CO 3-2 emission is more compact and weaker than the CO 2-1 emission. More than 50% of the CO 3-2 flux is from the overlap region, which only extends to an area of about 2 ′′ (1.2 kpc). The total CO 3-2 flux from our map is 377 Jy km s −1 , about 30% of the single dish flux from CSO (Glenn & Hunter 2001) .
Results
We examined the effect of missing short spacing in the SMA data. The CO 2-1 data from the SMA recovers nearly all the flux measured by the CSO. The CO 3-2 data from the SMA have an inner hole in u,v plane of 9 kλ, ∼50% larger than that in the CO 2-1 data. We flagged the CO 2-1 baseline shortward of 9kλ thereby achieving the same short spacing deficit as in the CO 3-2 data. The resulting CO 2-1 flux is 25% less than the data without flagging. We expect that the CO 3-2 emitting region is less extended than the CO 2-1 emitting region. We therefore estimate that the SMA images in CO 3-2 would at most miss 25% of the total flux. This is much less than the difference between the CSO flux and our SMA flux. The discrepancy between the CSO and the SMA results is mostly likely due to calibration uncertainties at 345 GHz at the CSO (Hunter, private communication).
The brightness temperature ratio of the CO 2-1 from the SMA and the CO 1-0 from OVRO is 0.92. The ratio of the CO 3-2 and the CO 2-1 is about 0.27. And the ratio of the CO 3-2 from the SMA and the CO 1-0 from OVRO is 0.25. The CO 3-2/1-0 ratio is much less than the mean value of 0.66 from the SCUBA survey of the local universe galaxies (Yao et al. 2003) , which indicates that the molecular gas in NGC6090 is cooler than that in most of the galaxies in that sample. The CO distribution is rather different from the 1.49 GHz continuum emission, which shows emission peaks associated with the two galaxies (Condon et al. 1990 ). The 1.49 GHz emission is detected toward the peak of the CO emission at a flux of 2.5 mJy/beam (beam size 1.5 ′′ × 1.5 ′′ ), weaker than the peak flux of 6.5 mJy/beam toward NGC6090E, or 3 mJy/beam toward NGC6090W. The two galaxies are also detected in the near-IR with HST (Dinshaw et al. 1999) . NGC6090E exhibits clear spiral arms and is likely face-on, while NGC6090W shows no spiral arm structures and is mostly edge-on (P.A.≃ −10
• ). There is a lack of near-IR emission toward the peak of the CO emission in the overlap region. Besides the main peak at the overlap region, there are also two peaks in NGC6090E. One peak is at the nuclear region, the other is at the north-western arm (about 2 ′′ north and 1.5 ′′ west of the nucleus) of NGC6090E. There is also a secondary peak of CO 3-2 in the overlap region near the main peak, where the CO 2-1 emission is much weaker. Figure 1b shows the ratio of the integrated CO 3-2 to 2-1 emission. We convolved the CO 3-2 emission to the same beam size of the CO 2-1 line, and converted the flux to units of temperature to remove the frequency dependence of the flux. In nearly all the CO emitting region, the ratio of the CO 3-2 to 2-1 emission is less than 0.5. There are three peaks in the ratio map. The one toward the northwest of NGC6090E coincides with a spiral arm seen in the near-IR (Dinshaw et al. 1999 ). Another peak is seen toward the nuclear region of NGC6090E. The third is at the CO 3-2 peak in the southern part of the overlap region. Although there is no clear peak in the ratio map in the overlap region, the ratio is still high. Figure 1c shows the mean velocity map (first moment) of the CO 2-1 emission. There is a small velocity gradient (∼ 10km s −1 kpc −1 ) toward the northwestern part of the face-on galaxy NGC6090E. On the other hand, the velocity gradient is larger toward the southeastern part of NGC6090E, and also toward the overlap region (∼ 30km s −1 kpc −1 ) . These results are similar to those of the CO 1-0 emission (Bryant & Scoville 1999) . The velocity and intensity distribution of the CO 2-1 emission in the overlap region indicate that it is possibly a rotating gas disk (P.A.≃ 70
• ). Because NGC6090E is a face-on galaxy and NGC6090W is an edge-on galaxy with P.A.≃ −10
• , the gas component does not appear to belong to either NGC6090E or NGC6090W based on the kinematics. Figure 1d shows the line width (second velocity moment) map of the CO 2-1 emission. The line width peaks at the spiral arm of NGC6090E where there is a CO 3-2 peak as well. Line width also peaks toward the overlap region as it has been seen in CO 1-0 (Bryant & Scoville 1999) . It is interesting to note that the line widths toward the overlap region are larger than most parts toward both galaxies. In particular, NGC6090W is nearly edge-on. Figure 2 shows the CO 2-1 channel maps. The reference velocity is 8600 km s −1 . Most of the CO 2-1 emission is in the velocity range between -74.9 km s −1 and 74.9 km s −1 . CO 2-1 emission can be seen in almost all the 8 channels from -74.9 km s −1 to 74.9 km s −1 in the overlap region. The concentration of the face-on galaxy NGC6090E can be seen in 3 channels, from -10.7 km s −1 to 32.1 km s −1 . The concentration of the edge-on galaxy NGC6090W is distributed over several channels from -96.3 km s −1 to 32.1 km s −1 , and mixes with the main component.
No continuum was detected in either 230 GHz or 345 GHz at an rms of 4 mJy and 8mJy, respectively. The total 1.3mm (230 GHz) continuum was 20 mJy as detected by CSO (Glenn & Hunter 2001) . The 230 GHz continuum must be more extended than two beams of our 230 GHz map. Otherwise, we should have detected it with the SMA.
Discussion
The CO 2-1 emission shows gas concentrations toward the overlap region and the two galaxies. The kinematics of the molecular gas seen in the CO 2-1 mean velocity map (see Figure 1c) indicates that most of the gas has settled in the overlap region and probably it is a newly formed gas disk. There exists CO 2-1 emission toward NGC6090E with very low velocity gradient (∼ 10km s −1 kpc −1 ). In addition, CO 2-1 emission in NGC6090W can be found in the channel maps in Figure 2 . The near-IR overlap bridge is 2 ′′ (1.2kpc) west of the CO peak (Dinshaw et al. 1999) . In interacting systems, the merger of gas is more efficient than that of stars. Furthermore, the gas may evolve differently from stars. For example, although the two galaxies are well separated (3.4 kpc), it seems that most of the molecular gas in NGC6090 has condensed in the overlap region. The CO 3-2 map shows that most of the warm and dense gas is segregated toward the overlap region, which suggests that star forming activity in this merger is located at the overlap region rather than the circum-nuclear regions.
The star formation efficiency, which can be defined as the ratio of the IR luminosity to the molecular gas mass, is only about 10L ⊙ /M ⊙ in NGC6090. This value is similar to those of the nearby starburst galaxies, but lower than those of the luminous galaxies (Sanders & Mirabel 1996) . Low star formation efficiency ( < ∼ 10L ⊙ /M ⊙ ) is common in gasrich, less advanced mergers, such as VV114 (Iono et al. 2004 ), NGC4038/9 , NGC6670 (Wang et al. 2001 ), Arp320 (Lo et al. 1997) , and UGC12914/15 (Gao et al. 2003) . In NGC6670, a system at an earlier merging stage than NGC6090, the gas in the overlap region is mostly atomic rather than molecular (Wang et al. 2001) . If NGC6090 and NGC6670 are similar in terms of the merging process, but at a different merging stage, some of the molecular gas in the overlap region might originate from atomic gas of the two galaxies in NGC6090.
The distribution of the CO 2-1 emission in NGC6090 is similar to that in VV114: The CO 2-1 emission resembles the CO 1-0 and peaks toward the overlap region (Iono et al. 2004 , Yun et al. 1994 . However, the CO 3-2 data in NGC6090 shows a different warm gas distribution from that of VV114. Unlike NGC6090, the CO 3-2 emission in VV114 does not peak toward the overlap region, but arises from one of the two galaxies (Iono et al. 2004 ). The CO emission in NGC6090 is more similar to the Antennae galaxies (NGC4038/9). Although the optical morphology of NGC6090 and the Antennae galaxies are different, the CO 1-0, 2-1 and 3-2 emissions all peak at the overlap region (Wilson et al. 2000 . Even though most of the CO 3-2 flux in NGC6090 comes from the overlap region, the weak radio continuum indicates that the history of star formation may not be very long. Otherwise, supernovae after the starbursts would have produced comparable radio continuum emission as in the two nuclei. Because of the presence of warm and dense gas, we expect higher infrared luminosities and radio continuum in the overlap region caused by on-going starbursts to emerge in the near future (possibly within 10 6 yrs, the main-sequence lifetime of massive stars). The CO 3-2 emission also indicates the presence of star forming activity in the nuclear region of NGC6090E. The weak radio continuum and weak CO 3-2 emission in NGC6090W suggest that the star formation activity there is much less than that in NGC6090E.
Summary
Observations of the CO 2-1 and 3-2 transitions toward NGC6090 allow us to isolate dense and warm gas in the overlap region of the two galaxies. The CO 2-1 velocity width shows a peak toward the overlap region and another peak toward the spiral arm of NGC6090E. The CO 3-2 emission is found in the nuclear region of NGC6090E and the overlap region which implies active star formation there. The presence of warm and dense molecular gas, together with weak near-IR and radio continuum indicates that the epoch of active star formation in the overlap region must be fairly recent. No significant CO 3-2 emission can be seen toward the edge-on galaxy NGC6090W. The warm and dense molecular gas traced by the CO 3-2 in NGC6090 reveals a different structure from the total molecular gas traced by CO 2-1 and CO 1-0. This study illustrates the usefulness of high angular resolution imaging at sub-millimeter wavelengths of the CO 3-2 line to study the physical properties of the molecular gas in merging systems.
Figure Captions
Figure 1 (a). Moment zero map of the CO 2-1 (red contours) and CO 3-2 (green contours) obtained with the SMA overlaid on the 1.49 GHz continuum map from the VLA (Condon et al. 1990 ). Contours of both CO 2-1 and CO 3-2 are in steps of 10 Jy beam −1 km s −1 . Beam sizes, at the bottom left and right of the panel, are for CO 2-1 (uniform-weighted) data and CO 3-2 data (natural-weighted), respectively. The two star symbols mark the 1. 
